Recent major earthquakes in the Italian territory have reaffirmed the seismic vulnerability of precast industrial buildings typical of the past Italian building practice, highlighting structural deficiencies observed during previous events and mostly related to the transfer of the horizontal forces between structural and non-structural elements. Intrinsic lack of shear and ductility capacity has been observed in simply supported beam-to-joist and beam-to-column connections, mainly constituted by vertical steel dowels or solely relying on shear friction, with or without neoprene pads. These connections were designed neglecting seismic loads and their premature failure was observed during the recent seismic events causing the loss of support of beam elements, due to elements relative movements, and the collapse of part of the buildings, mainly the roof.
Introduction
In Italy, the majority of the industrial one-storey and multi-storey facilities consists of reinforced concrete (RC) precast structures. The use of precast concrete systems offers several advantages such as fast erection, lower investment prices and project costs due to prefabrication, higher allowance for quality controls, better sustainability and enhanced safety. However, the static scheme commonly adopted in the building construction market constitutes the major drawback of this structural typology. In fact the lateral-force resisting system (LFRS), traditionally composed of monolithic columns combined with pin-ended beams, is potentially characterized by significant flexibility and low shear strength and ductility capacity of the beam-to-column and panel-tostructure connections. The key role of the proper choice, design and detailing of the connection system is well-established in literature (fib 2003; Englekirk 2003; Khare et al. 2011; Magliulo et al. 2008; Bellotti et al. 2009; Negro and Toniolo 2012; ) and extensive experimental campaigns were conducted considering typical precast structural layouts and connections based on monotonic and cyclic quasi-static tests (Rodriguez and Blandon 2005; Fishinger et al. 2008; Metelli et al. 2011; Belleri and Riva 2012; Psycharis and Mouzakis 2012a) , pseudo-dynamic ) and shake-table tests (Psycharis and Mouzakis 2012b) .
Besides this extensive research effort, it is currently accepted that the seismic response of other structural precast typologies, implying, for instance, the adoption of perimeter walls, re-centring post-tensioned connections (Priestley et al. 1999; Kurama 2000; Morgen and Kurama 2008; Holden et al. 2003; Schoettler et al. 2009; Belleri et al. 2013a; Fleischman et al. 2014) or equivalent monolithic structures (Pampanin and Park 2005; Restrepo et al. 1995) , is more appropriate.
However, although the recognised efficiency, these solutions were not pursued in Italy, as they result in increased on-site labour, longer time of construction and therefore increased cost.
Furthermore, some LFRS solutions typically used for cast-in-place RC buildings, as braced systems and base isolation, may be ineffective for several precast structural configurations, the former due to the relevant heights and span lengths, the latter due to the high flexibility of the superstructure.
Past observation of failures
During several past seismic events, conventional RC precast buildings have already suffered extensive damage, revealing their poor performance. Iverson and Hawkins (1994) outlined the extensive collapses of the gravity columns in prefabricated garages, caused by the 1994 Northridge earthquake. The authors pointed out the gravity column inadequacy to accommodate the displacement demand induced by the LFRS, if not properly designed for it.
Field observations, collected by Muguruma et al. (1995) in the aftermath of the Kobe earthquake, highlighted severe collapses by soft-storey mechanisms of high-rise frame structures. These collapses were associated to the absence of seismic details, such as transverse reinforcement, and to the lack of regularity along the height of the building.
On site investigations explained the major structural deficiencies of RC precast industrial facilities, emerged from the 1998 Adana-Ceyhan (Adalier and Aydingun 2001) and 1999 Kocaeli and Duzce earthquakes (Saatcioglu et al. 2001; Sezen and Whittaker 2006) , by means of inadequate stiffness and strength and/or problems caused by insufficient connections detailing.
More recently, the 2009 L'Aquila earthquake highlighted many cladding panels-related criticalities, confirming the need of considering panel-to-structure connection failures as a further limit state to be controlled in conventional design procedures (Toniolo and Colombo 2012; Bellotti et al. 2009 ). Similar deficiencies were observed by Ghosh and Cleland (2012) , who reported connections failure between the cladding and the supporting structure during the 2010 Chilean earthquake. The majority of these panels are non-structural and their connections need to accommodate movement of the supporting structure to provide an efficient support. However, without the ability to accommodate relative displacement, cladding panels attract unintended forces, causing them to fall from the structure after connections failure. In addition, during the Chilean earthquake, damage occurred in industrial frame buildings with precast concrete cantilevered columns as LFRS, but its severity was mitigated by the use of wet-cast connections, allowing improved continuity of the 5 secondary framing. This detail added some redundancy to the roof system and contributed to increase the overall structural integrity.
The Emilia earthquakes (Lauciani et al. 2012) , May 20 th and 29 th 2012, reaffirmed the seismic vulnerability of precast industrial buildings typical of the past Italian building practice. The majority of the precast buildings hit by the earthquakes suffered damage mainly related to the horizontal load transfer between structural and non-structural elements: inadequate connections between roof joists and supporting beams, beams and columns and between cladding panels and supporting elements.
The present paper starts by describing the geological features of the Emilia seismic sequence. After an overview of the structural typologies hit by the earthquake and the evolution of the seismic requirements in the Italian Building Code, the paper shows the results of detailed field observations on a relevant number of industrial precast buildings collected just after the seismic sequence. Seven 
Precast industrial buildings under investigation
One-storey industrial buildings represent the most common form of precast construction in Northern Italy and the majority of the building stock severely damaged during the 2012 earthquakes. To clarify the genesis of the major structural deficiencies of the traditional RC precast facilities hit by the earthquakes, a brief introduction of the past and current design practice is presented followed by the typical structural layout of the considered buildings.
Past and current design practice
The current Though research efforts had been spent in investigating criticalities of precast concrete structures emerged from worldwide earthquakes (Englekirk 1982 (Englekirk , 1990 , the common design practice, at the time of construction of the considered damaged precast buildings, is essentially based on vertical static loads in combination with wind-induced and crane-induced horizontal loads. A horizontal load equal to 2% of the vertical load had anyway to be considered starting from 1987. Therefore, although the prefabrication of RC elements in Italy is a consolidated technique, several industrial facilities left to shear-friction the horizontal load transfer mechanism of beam-to-column and beamto-floor connections, as they were built before 1987 or designed without the current seismic concepts and prescriptions.
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In the current precast design practice, for one-storey or low-rise industrial buildings of not primary importance, the contractors prefer to use dry connections as a seismic load transfer mechanism between precast elements in order to reduce the on-site construction time and cost related to emulative "wet" joints. In Emilia, as in the overall Italian context, the most advanced typology of shear-resisting dry beam-to-column joints is represented by pinned dowel connections with concrete corbels and 5-10 mm thick neoprene pads, potentially characterized by spalling of the concrete cover and brittle failures of the steel reinforcing bars un-grouted or partially grouted, as schematized in Fig. 1 . As a result of this hinged frame structural layout, the seismic demand is currently accommodated by cantilevered columns with large cross-sections (up to 1000x1000mm in the case of three-storey buildings).
Typical structural layout
The considered damaged industrial buildings structural layout is characterized by cantilevered monolithic precast columns, placed into discrete socket foundations on-site grouted with low strength grout. No foundation-to-foundation structural links are provided to inhibit relative ground displacements. Pin-ended pre-stressed L-beams, inverted T-beams or double pitched beams are supported on column corbels or directly at the top of the columns.
According to the building code enforced at the time of construction, beam-to-column connections are based solely on friction, without additional mechanical devices; neoprene pads at the beamcolumn interface are in some cases adopted only for large spans. No secondary beams orthogonal to the primary frames are placed to ensure the three-dimensional response of these industrial buildings, substantially acting as a series of essentially two-dimensional portal frames, as shown in Fig. 2 . The roof is formed by pre-stressed double-T beams, omega-beams or by proprietary micro-shed elements.
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To easily classify the seismic vulnerabilities experienced in such structural systems, the surveyed industrial buildings may be roughly distinguished into structures built between the seventies and the eighties (category A) and after the eighties (category B).
In particular, category A generally includes buildings with portal frames spaced 6 to 10 m centre to centre with 12-20 m long pre-stressed tapered prefabricated beams and 30-40 cm wide square RC columns. This layout results in slender columns; in addition no forks are provided at top of the columns to prevent the out-of-plane sliding or overturning of the supported beams. In the majority of the cases masonry walls were used to clad the perimeter of the structural skeleton.
Conversely, category B presents longer spans, up to 27 m, covered by tapered I-beams which form gable roofs. As in category A, no moment continuity exists between beams and columns; the lateral load capacity of the structure is provided only by the cantilever action of the columns at the footings, which are not tied together. RC forks are provided at top of the columns as support of the beams but they are not designed to carry seismic induced lateral loads. Highly flexible roof diaphragms are the result of double-T pre-stressed joist or micro-sheds simply supported on the main beams with no mechanical connections. Both horizontal and vertical precast cladding panels are traditionally connected to the columns or to gutter beams by mechanical devices, typically anchor channels (Fig. 3) .
Examples of the two structural typologies (category A and B) are shown in Fig. 4a and 4b respectively.
Seismic vulnerabilities observed on site
Lack of mechanical connections between the structural elements or connections unconservative design caused the most severe damages and failures during the Emilia seismic sequence. The inability of transferring the horizontal earthquake-induced actions led to the experienced loss of support of beams and joists.
Inadequate design and detailing of ductile elements, deficient diaphragm effect, poor connection details and improper separation of non-structural elements are traditionally proven to be the major causes of non-seismically efficient response of conventional RC precast one-storey buildings in past events. Besides this, the extremely high flexibility of the considered precast buildings may modify the cantilevered static scheme conventionally assumed in the design process.
If compared to traditional cast in-place RC structures, precast hinged frames present a much more flexible static scheme and, in addition, the secant stiffness at yield may be significantly lower than the commonly adopted 50% reduction of the un-cracked cross-section due to the low axial load and to the large cross section resulting from second order effects limitations. In light of this, displacement demand, larger than predicted by conventional design tools and analysis methods, could induce interaction between structural elements and between structural and non-structural elements, causing their connection to fail (Belleri et al. 2013b ).
In the aftermath of Emilia earthquakes, the European Centre for Training and Research in Earthquake Engineering (EUCENTRE) deployed field teams whose main observations were collected in a clearinghouse (http://www.eqclearinghouse.org/2012-05-20-italy/).
Out of the significant number of the structures surveyed, seven representative industrial facilities, whose main characteristics are summarized in Table 1 , are selected to depict typical observed vulnerabilities and damage patterns of beam-to-column and roof-to-beam connections, cladding panels and columns.
Beam-to-column and roof-to-beam connections vulnerability
As mentioned before, the most severe damage observed during the Emilia earthquakes is associated to the structural element loss of support and consequent falling, since the beam-to-column and roofto-beam connections lacked mechanical devices as a seismic load transfer mechanism. Such type of collapse affected more significantly structures belonging to category A. Fig. 5 shows the loss of support of roof elements from the supporting beam, while Fig. 6 depicts the failure mode of a precast tapered I-beam due to its interaction with a column placed at the mid-span of the facade portal frame: designed as an element simply supported at its ends, the beam lost one of its supports during the earthquake and failed in flexure at mid-span, in accordance with a cantilevered static scheme not considered during design.
Although several cases of such collapses were observed in buildings of category B, relatively more complex motivations may be detected. Many partial collapses were experienced in such facilities due to roof elements drop, without evident damages in the columns, particularly in the presence of skylights, which increased the roof in-plane deformability. Such mechanisms were mainly localized in correspondence to building irregularities or in the perimeter portals, which are characterized by roughly halved tributary mass. In addition, some examples of precast member drop affected the central part of the buildings, where consecutive spans oscillated in opposition.
Qualitative explanation of such collapses, mostly due to the loss of support of the friction based connections, may be searched in the preliminary computations described in the following. The comparison evidences that larger than "expected" acceleration and displacement demands are observed particularly in the range of period between 1s and 2s, the typical range of fundamental periods for these flexible precast structures. In addition, the capacity-to-demand ratio is qualitatively estimated, by means of the safety factor (SF), in order to confirm the activation of the friction based mechanism of the connections during the event.
The aforementioned safety factor is computed as the ratio between shear friction capacity of the connection (V Rd ) and shear demand (V Ed ). The shear demand on the beam-to-column connection can be determined considering the tributary weight (W i ) of each column, as the roof does not behave as a rigid diaphragm. The shear friction capacity is determined by accounting for the axial variation 
Where S a (T 1H ) and S a (T 1V ) are the pseudo-acceleration spectrum values at the fundamental horizontal and first vertical periods respectively and g is the acceleration of gravity. Therefore, the variation of SF in the period range of interest reveals the activation of an anticipated, non-dissipative slippage mechanism of the facing surfaces of the simply supported elements. In addition, seismic displacement demand approximately ranging from 13 to 20cm seems to justify the loss of support experienced by the majority of the structures built between the seventies and the 13 eighties, since the bearing length, traditionally provided and in-situ observed, is of the same order of magnitude (10-15 cm). Furthermore, even lower SF can be potentially obtained by properly accounting for the combination of the two horizontal directions, as commonly assumed in current design practice. Further research is needed to confirm these preliminary observations.
Finally, highly flexible roofs were evidenced due to the absence of mechanical links between the joists and the extensive presence of skylights, sheds and micro-sheds. As a result, the seismic actions were directly transferred to the primary beams which in some cases exceeded their own outof-plane capacity and, hence, collapsed.
As in the case of the considered connections, the effects of the intrinsic structural deficiencies at the connection level are combined with a seismic input particularly severe in terms of displacement demand, which is to be reaffirmed as the key parameter to safely design and detail such precast structures.
Cladding panels vulnerability
Another frequent failure typology observed is the collapse of the cladding panels, consisting both of brick masonry and precast RC elements. For what concerns the former, traditionally used in buildings of category A, the incipient collapse was observed to be associated with the high out-ofplane slenderness, as no lateral restraint was provided in correspondence to columns and RC spandrels (Fig. 9) .
It is observed that in the case of masonry cladding panels regularly distributed along the building perimeter with no significant openings, the panels provided sufficient in-plane strength to sustain the horizontal seismic loads, especially in the case of relatively stiff roofs. Nevertheless, in some cases, also structures with highly flexible roofs, unable to act as rigid diaphragms, presented undamaged masonry panels. By contrast, in the majority of the cases masonry panels were irregular along the height, due to the presence of ribbon glazing, without RC curbs at their top and with no connections to the columns. In these conditions the masonry panels experienced in-plane damage 14 and in several cases out of plane overturning. The interaction between panels and adjacent columns will be discussed in the next section.
Conversely, in structures of category B, the observed falling of horizontal ( Fig. 10) and vertical ( Fig. 11 ) RC precast cladding panels was clearly related to failure in the mechanical connections, typically anchor channels and C-shape or L-shape steel profiles, to the supporting columns and/or beams. In fact, these devices were designed to sustain mainly vertical gravity loads and to avoid the panel overturning as a consequence of low out of plane horizontal actions, such as wind loads.
During an earthquake these connections need to accommodate high relative displacements and rotations, being the displacement and rotation demand concentrated at the connection level owing its lower stiffness compared to the connected precast elements.
The complex panel-structure interaction caused many collapses particularly in the case of irregularities along the height of the structure. Many horizontal panels dropped down, as anchor channels were absolutely not adequate to allow for large seismic displacement demands and, consequently, their plasticization induced the expulsion of the retaining bolts by prying action, particularly in the upper panels. On the contrary, vertical panels behaved slightly better; if properly fixed to their foundation beam or drowned into the industrial pavement, they stiffened and strengthened the building, however without inhibiting the previously observed vulnerabilities. By contrast, collapses were observed in the case of vertical sandwich panels, adopted for thermal insulation issues, characterized by lower stiffness and strength.
Although retrofit solutions are beyond the purpose of the present paper, this seismic event seems to reaffirm the need of rationally conceived mechanical connectors to properly allow for displacement demand rather than try to make them work for unfeasible strain and load levels.
Columns vulnerability
Other damaged elements observed in Emilia are the columns. As depicted in Fig. 12 and 13, some columns lost their verticality due to permanent relative displacements and rotations experienced at the foundation level, where socket foundations not designed for seismic loading were provided without additional interconnecting tie beams.
The presence of industrial RC floors and the loss of roof elements and beams could have contributed to this phenomenon: the former in providing only mono-lateral restraint to the columns relative movements, the latter in reducing the stabilizing gravity load. Such foundation typology was widely used since the nineties and it was commonly designed against the overturning induced by wind loads and industrial cranes only. Furthermore, being the foundations under-designed for seismic loads, they most likely experienced elastic uplift, considering the reduced foot print and the relatively high foundation vertical load safety factor. Proofs of uplift are provided by 45° cracks detected in the pavement in correspondence of the column edges.
Another column damage scenario is found in correspondence of ribbon glazing and cladding panels discontinuities where several stocky-column failures were noticed (Fig. 14) . Furthermore, when RC forks were provided at the top of the columns, in more recent buildings, their flexural or shear capacities were clearly exceeded (Fig. 15 ), due to under-designed loads and poor detailing, therefore becoming ineffective in restraining the out-of-plane loss of the support.
More rarely, column base plastic hinges, with spalling of the concrete cover and/or buckling of the longitudinal reinforcement, was surveyed, especially in the case of flexible structures. In some cases, plastic hinges where observed in internal columns, characterized by flexural resistance significantly lower than external columns, being the former designed for vertical loads only and the latter for vertical and horizontal wind-induced loads. In addition the flexibility of the roof, increased by the presence of alternate skylights, led to seismic-induced loads in the central columns roughly doubled compared to external columns, which in turn were sometimes additionally stiffened and strengthened by vertical precast RC cladding panels.
Conclusions
In light of the field observations collected in the aftermath of the 2012 Emilia seismic sequence, the present paper highlighted the surveyed seismic vulnerabilities of precast industrial facilities typical of the Italian context, in order to critically assess their observed poor performance if not designed and detailed as per modern seismic provisions. Both local and global collapses were depicted, categorized and preliminary examined by simplified computations. The analysis and proposal of efficient retrofit solutions are beyond the purpose of the paper. Additional research is needed to confirm the qualitative explanations provided in the paper.
The majority of precast structures did not perform acceptably, the number of fatalities and the amount of property loss were rather disproportionate compared to the intensity of the earthquakes.
Most of the observed damage is related to the delay in the adoption and implementation of adequate seismic provisions, as well as to the mistrust towards new seismically efficient, but more complex, solutions.
Beam-to-column, roof-to-beam and panel-to-structure connections were reaffirmed to be the weak points of these systems, inhibiting a rational exploitation of the strength and ductility reserves of precast elements, usually observed to work elastically up to the connection failure. The failure modes experienced by such flexible structures, whose behaviour is generally governed by limiting the second order effects and controlling the displacement demand, were related to the loss of support of the horizontal primary elements, whose connection detailing was traditionally affected by speed of construction and relying solely on friction before the enforcement of recent building codes.
Lack of properly sized mechanical devices able to accommodate relative displacements and rotations caused severe damage to RC precast cladding panels. Out of plane overturning of masonry cladding panels was observed. More rarely, plastic hinges were detected at the base of the columns, which were mostly damaged by short column shear failures in correspondence to structural irregularities along the height of the building, such as ribbon glazing.
The flexural and shear demand on existing RC forks at the top of the columns generally exceeded the capacity, leading to the inability of preventing the out-of-plane sliding and overturning of the framing beams. In addition, the columns were in some cases proven to rigidly rotate into the isolated socket foundations.
Highly-flexible roofs, realized with simply supported joists, did not act as rigid diaphragms, being unable to transfer and redistribute seismic forces into the vertical elements and to avoid critical differential displacements. As a consequence several element drops were detected.
Displacement incompatibility between structural and non-structural elements resulted into the complex interaction observed in the out-of-date gable frame systems. In these systems the lateral stability is totally based on the cantilever action of the columns and on the response of the columnto-foundation connection that in many cases was proven to be more flexible than the fixed-base restraint commonly assumed in the design process. In addition, the three-dimensional nature of the seismic motion was not accommodated by any orthogonal links between the two-dimensional portal frames and by properly sized tie beams interconnecting the discrete socket foundations.
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